Plant phenology is one of the strongest indicators of ecological responses to climate change, and altered phenology can have pronounced effects on net primary production, species composition in local communities, greenhouse gas fluxes, and ecosystem processes. Although many studies have shown that aboveground plant phenology advances with warmer temperatures, demonstration of a comparable association for belowground phenology has been lacking because the factors that influence root phenology are poorly understood. Because roots can constitute a large fraction of plant biomass, and root phenology may not respond to warming in the same way as shoots, this represents an important knowledge gap in our understanding of how climate change will influence phenology and plant performance. We review studies of root phenology and provide suggestions to direct future research. Only 29% of examined studies approached root phenology quantitatively, strongly limiting interpretation of results across studies. Therefore, we suggest that researchers emphasize quantitative analyses in future phenological studies. We suggest that root initiation, peak growth, and root cessation may be under different controls. Root initiation and cessation may be more constrained by soil temperature and the timing of carbon availability, whereas the timing of peak root growth may represent trade-offs among competing plant sinks. Roots probably do not experience winter dormancy in the same way as shoots: 89% of the studies that examined winter phenology found evidence of growth during winter months. More research is needed to observe root phenology, and future studies should be careful to capture winter and early season phenology. This should be done quantitatively, with direct observations of root growth utilizing rhizotrons or minirhizotrons.
Introduction
One of the most sensitive indicators of a warming climate has been shifts in species phenology, which can have multiple repercussions on ecosystem processes and feedbacks on greenhouse gases (Menzel et al., 2006b; Cleland et al., 2007; Rosenzweig et al., 2008; Post, 2013; IPCC, 2014) . The Intergovernmental Panel on Climate Change (IPCC) concluded that phenology is the simplest way to track the ecological impacts of climate change (Solomon et al., 2007) , but explicit consideration of belowground phenological responses to climate change has been absent from all five IPCC assessment reports to date. Although air temperature may be the strongest control on aboveground plant phenology (Wielgolaski, 1999) , very little is understood about the drivers of root phenology and how root phenology will respond to climate change.
Many studies examine drivers of root phenology by correlating all increases and decreases in yearly root production with a suite of biotic and abiotic factors. Root phenology may be controlled by different factors throughout the year, and this method may mask differences between the onset, peak, and cessation of root growth. Aboveground, leaf phenology is typically separated into discrete events, such as bud burst and leaf senescence, and these are quantitatively compared with abiotic and biotic factors. Flushes of root growth in summer may be controlled by factors other than the initiation of root growth in the spring. For this review, we conducted a literature search in Web of Science for studies that examined the phrase 'root phenology' or 'roots' with the terms 'growth', 'dynamics', and 'production'. We also included several horticultural publications of which we were aware that did not come up in this search. We found 65 published papers that matched these criteria (see Table 2 for a list of studies). We focus on studies that used minirhizotrons or rhizotrons, as they allow researchers non-destructively to follow growth of the same roots throughout the year. While minirhizotron tubes and rhizotrons may impact total root production at the transparent wall-soil interface, particularly at shallow depths (Bragg et al., 1983; Ephrath et al., 1999) , transparent wall techniques are probably the most accurate way to track the timing of root production (Majdi, 1996) . Despite their benefits, only 58% of root phenology studies used rhizotron methods (Table 1) . Only 29% (11 of 38 minirhizotron or rhizotron studies) of the studies reviewed here included quantitative evaluation of timing of root growth, such as the date that 10% of roots began growing or the date of first root growth (Table 1) . Some studies examined the timing of root initiation, but this was usually done qualitatively.
We advocate for wider and more consistent use of quantitative approaches to characterize multiple aspects of root phenology, such that root initiation, peak root growth, and root cessation are explicitly defined. For example, root initiation can be quantified as the date on which 50% of minirhizotron tubes or 50% of independent experimental units (when several minirhizotrons are used per experimental unit) contain the first root growth of the season. This perspective is widely established in studies of aboveground phenology, where the percentage of plants or plots in the emergent or flowering stages is a common metric (Zadoks, 1985; Post et al., 2008; Parker et al., 2011; Hoye et al., 2013) . Furthermore, plants may rely on different cues for the initiation of root phenology in spring, and the timing of peak growth, and cessation of root growth in autumn, so consideration of these events separately is warranted.
Finally, we propose that root phenology may have different phenological controls compared with aboveground phenology, as mounting evidence suggests that onset and progression of root phenology do not simply track aboveground phenology (Abramoff and Finzi, 2015; BlumeWerry et al., 2016) . Furthermore, terrestrial biosphere models often include root growth as a fixed, synchronous fraction of leaf photosynthesis, but root growth is often asynchronous with leaf growth (Abramoff and Finzi, 2015) . One important difference is that roots, unlike shoots, often do not experience winter dormancy (Fernandez and Caldwell, 1975) . This may increase interannual variability in root phenology and decrease the likelihood that root and shoot phenology are synchronous. Below, we discuss ways in which environmental controls may differ among phenological events and between above-and belowground organs, evidence for a lack of winter dormancy, and the potential impacts of climate change on belowground phenology
Background
Aboveground plant phenology is a well-studied component of climate change, and temperature may be the most important environmental factor controlling the timing of spring phenology (Wielgolaski, 1999; Wolkovich et al., 2012) . For example, spring phenology has advanced by ~2.5 d per decade in Europe with recent warming (Menzel et al., 2006a) . However, the drivers of aboveground autumn phenology are less clear, but recent studies suggest that the timing of autumn leaf senescence is linked to the timing of spring budburst, with an earlier spring linked to earlier autumn leaf senescence (Keenan and Richardson, Only studies that used minirhizotron or rhizotron methods were examined for winter root growth measurements and quantification of root phenology. Root phenology in a changing climate | 3621 2015). Alternatively, warming may extend aboveground plant growth later into autumn (Marchand et al., 2004; Natali et al., 2012) or have limited effects on autumn phenology (Kummerow and Russell, 1980; Pudas et al., 2008) . Recent experimental evidence indicates that CO 2 fertilization may further extend the length of the aboveground growing season in response to warming (Reyes-Fox et al., 2014) . Although the effects of warming on aboveground phenology are fairly well understood, the effects of warming on belowground phenology have received much less attention. In Fig. 1 , we outline potential factors that may be important to root phenology. There is conflicting evidence regarding the relative influence of exogenous factors, such as soil temperature, and endogenous factors, such as photosynthate supply, on belowground phenology. In regions with a distinct winter season, root growth often increases as soil temperatures increase in the spring, and root growth over winter is limited (Comas et al., 2005; McCormack et al., 2014) . Indeed, several studies have found a positive correlation between soil temperature and root production (Burke and Raynal, 1994; Steinaker and Wilson, 2008; Steinaker et al., 2010) . Other studies, however, have failed to find a correlation with soil temperature, and suggest that endogenous factors, such as photosynthate availability, are more important to root phenology (Sword et al., 1996; Joslin et al., 2001; Tierney et al., 2003) . The importance of photosynthetic activity was supported by links of photosynthetic photon flux density (PPFD) to root growth in temperate and upland grasslands in regions where cloudy days are common (Fitter et al., 1999; Edwards et al., 2004) .
Endogenous and exogenous factors probably both play a role in root phenology ( Fig. 1 ; Tierney et al., 2003; Steinaker and Wilson, 2008) , and these roles may differ between species and environments as plants seek to balance their need to increase their competitiveness with maximizing carbon, water, and nutrient use efficiencies. Species-specific differences in phenological strategies are suggested by a common garden experiment in central Pennsylvania where root phenology differed widely between temperate tree species, with some species showing a conservative root phenology and others having high interannual variability in root phenology (McCormack et al., 2014 (McCormack et al., , 2015 . In the common garden, species from varied taxa were planted in the same field in replicated plots so they experienced the same environmental conditions. This suggests that different species may have different strategies to deal with interannual variability in resource supply and climatic constraints. For example, we expect that species for which root growth is more cued to shoot growth or to photoperiod would show less spring variability in root initiation than species that respond readily to increases in soil temperature. Moreover, we expect that controls on root growth will change over time, and below we outline the hypothesized influence of external and internal controls throughout the year. Climate classifications based on reference of study location to standard climate classification scheme (Peel et al., 2007 Because root growth may not begin below ~5 °C in temperate environments (Alvarez-Uria and Koerner, 2007), soil temperature may be a direct control on root initiation. This is supported by the large suppression of winter root growth seen across many ecosystems in seasonal environments (Tierney et al., 2003; Comas et al., 2005) . Once soil temperatures are favorable, carbon availability for root production may also constrain the timing of root initiation. The signal to produce new roots is then created by some unknown up-regulation of plant growth factors that increase the relative carbon sink strength of roots (Kozlowski, 1992) .
Carbon for spring root growth may come from current photosynthate or stored carbohydrates. Carbohydrates, particularly starches, can accumulate in woody tissues in autumn, and these carbohydrates can fuel early spring root growth in the following year (Najar et al., 2014) . Stored carbohydrates may be particularly important in deciduous species that do not have photosynthetic tissues early in the season, as seen in arctic Betula glandulosa (Kummerow et al., 1983) . Early spring root growth may then be advantageous in regions where high nutrient availability occurs before air temperatures are favorable for leaf growth.
Early spring growth may also be important for resource pre-emption from competing species. Plants may outcompete neighbors by initiating root growth more quickly and gaining access to limiting resources (Harper, 1977; Harris, 1977) . Eissenstat and Caldwell (1988) , for example, found that an introduced cold-desert grass was able to compete more effectively with desert shrubs than native grasses by more quickly extracting water from the soil early in the growing season.
Drivers of peak root growth
Peak root growth comes at the expense of using carbon for aboveground growth, so peak root growth may represent a trade-off between competing plant sinks (Comas et al., 2005) . Because it is costly in terms of carbon, peak root growth may be timed to balance carbohydrate availability with periods of high nutrient and water availability. For example, species that evolved in regions with mid-summer drought may be characterized by adaptations that reduce root growth in mid-summer and peak earlier in spring (Joslin et al., 2001) . Plants that are nutrient deficient may not be able to produce as many roots early in the season, but they may increase nutrient uptake by increasing peak root production in later spring and summer (Haynes and Gower, 1995) . These increases in root growth to compensate for low nutrient stores may be controlled by plant growth regulators (Lopez-Bucio et al., 2003) . In competition, plants may also advance the timing of peak root growth in order pre-emptively to access resources and limit the fitness of neighbors (Eissenstat and Caldwell, 1988; Dybzinski et al., 2011) .
Because soils are probably above limiting temperatures by the time peak production occurs, we hypothesize that soil temperature plays a smaller role in determining peak root growth than in root initiation. We also expect that stored carbohydrates play a smaller role in the timing of peak root growth if leaves (and photosynthate production) are already present and current photosynthate is available. In species such as evergreens that potentially photosynthesize yearround, albeit at low rates during winter, or in species with high carbohydrate stores, peak root growth may not be tightly coupled to peak leaf growth, and root growth may continue fairly consistently throughout the growing season. In other species, root production may be limited by current photosynthate, and root production may have a large peak after leaf production begins. Furthermore, these contrasting patterns can co-occur within the same ecosystem. For example, Lyr and Hoffman (1967) found that root production peaked in early summer for some species, whereas other species in the same environment grew their roots more uniformly throughout the growing season (Fig. 2) . Links between PPFD and root production support the importance of photosynthesis to root phenology and potentially to peak root growth. For example, Edwards et al. (2004) found in British grasslands where cloudy days are common that variation in PPFD was the best predictor of root growth.
Cessation of root growth: implications for a lack of winter dormancy
Very little is currently understood about drivers of autumn root phenology. Similar to aboveground production, root growth may slow as temperature (in the soil) and carbohydrate availability decrease. Unlike aboveground production, photoperiod probably does not exert strong control on autumn root phenology. If photoperiod were a strong control, then root growth would cease at some point in autumn and not begin again until spring. Although root growth may be limited below certain temperatures, we suggest that roots are not normally dormant during winter, and growth can occur year-round if conditions become favorable. Of 19 studies that measured winter root growth, 89% detected evidence of winter growth (Table 1) . For example, Fernandez and Caldwell (1975) recorded root growth even in near-freezing soils during winter in cold-desert plants, Bauerle et al. (2008) recorded winter root growth in Vitis spp. in a Mediterranean climate, and Onipchenko et al. (2009) found snow roots growing into snow packs in an alpine environment. Additionally, snow removal studies lead to soil freezing and cause increased fine root mortality (Tierney et al., 2001) , which suggests that these roots were not dormant. Photoperiod may be a stronger cue in some species with root systems that senesce over winter. For example, Shaver and Billings (1977) found that some arctic graminoid species use photoperiod as a cue for seasonal root cessation. This may be a way in which they resorb carbohydrates and nutrients in these strongly nutrientlimited systems before the soils freeze and the roots senesce. However, in other arctic shrubs and grasses, there was no evidence that root growth necessarily slows as photoperiod decreases (Fig. 3) . Photoperiod may be an important control to some species but not others.
Potential impacts of climate change
Given the uncertainty concerning controls on root phenology, it is unclear how climate change will impact the timing of root growth. Altered root phenology could have strong impacts on plant resource acquisition (Nord and Lynch, 2009) . A large portion of global carbon is stored in roots (Robinson, 2007) , with up to five times higher biomass belowground than aboveground in shrublands, tidal marshes, grasslands, and tundra (Mokany al., 2006) . Aboveground phenology may be a particularly poor indicator of overall ecosystem productivity in regions with more belowground than aboveground biomass (Blume-Werry et al., 2016) . Many studies track aboveground phenology either directly or by remote sensing (e.g. Sitch et al., 2007) , but these do not account for changes in root phenology. This increases the uncertainty of predicting carbon fluxes in terrestrial ecosystems with a large fraction of the biomass belowground.
Despite the importance of root production in determining whole-plant responses to climate change, very few studies have directly examined the influence of warming and elevated carbon dioxide concentrations ([CO 2 ]) on root phenology. In the Arctic, experimental warming caused earlier root growth (Sullivan and Welker, 2005) and increased root production (Sullivan et al., 2008) . In a scrub-oak ecosystem, elevated [CO 2 ] increased fine-root production in spring and autumn, which may be due to increased carbon availability for root production during periods critical to resource acquisition (Brown et al., 2009) . Experimental evidence is lacking from other ecosystems, however, and more studies are needed that clearly assess the impacts of warmer air temperatures and elevated [CO 2 ] on the timing and amount of root production.
We hypothesize that altered precipitation regimes may shift the timing of peak root growth, particularly given evidence that water stress often causes root production to shift to more favorable times of year (Joslin et al., 2000) . Because root production can be suppressed during periods of drought (Joslin et al., 2001) , we expect peak root production to shift to the wettest times of year in regions with reduced annual precipitation. In regions with increased precipitation, peak root growth may no longer be water limited and may shift to periods when other factors, such as PPFD, are most available.
The upper soil layer may be more influenced by warming, given that air temperature affects the temperatures of shallow soil more than deep soils. Therefore, ecosystems with high root biomass near the surface, such as in the Arctic, may be particularly affected by global warming. Elevated [CO 2 ] has been found to increase deep root production in forested ecosystems (Iversen, 2010) , and this may extend phenology of deep roots. We speculate that if elevated [CO 2 ] cause more carbon to be shuttled to deep roots, deep roots may have advanced root initiation and delayed root cessation, as long as temperatures are not limiting. The influence of depth on phenology is examined in more detail below.
The importance of depth
Root phenology differs by depth in certain ecosystems and may be under different controls (Canham et al., 2012) , so we expect that warming, elevated [CO 2 ], and altered precipitation regimes will affect shallow and deep roots differently. Phenology may be shifted later in the season at deeper depths, where soil is slower to warm in the spring and may retain moisture from winter soil recharge. In shrub species in Utah, initiation of root growth began later with increasing soil depth, which may be related to the concurrent seasonal increase in soil temperature at each depth (Fig. 4) . For example, in mid-April, soil temperatures at 40 cm were 5 °C and root production from 30 cm to 40 cm was 1.1 mm d -1 cm -1 , and by late May soil temperatures at the same depth were 14 °C and root production was 3.5 mm d -1 cm -1 . Deep root growth may also allow the plant to access deep water stores during the driest period of the year (Fernandez and Caldwell, 1975) . Similarly, shallow roots in phreatophytic Banksia spp. grow in a pulse, synchronously with aboveground tissues, but deeper roots grow constantly throughout the year, as they have access to a constant deep water source (Canham et al., 2012) . Deep root growth may also be timed to use deep water storage during times of water stress, reducing the impact of seasonal droughts (Hendrick and Pregitzer, 1996) . The phenology of shallow roots may be more strongly influenced by environmental factors, such as soil moisture and temperature, than deeper roots (Hendrick and Pregitzer, 1997) . For example, in loblolly pine (Pinus taeda L.) in the southeastern USA, a mid-summer drought reduced new root growth in shallow soil layers, but root initiation continued in deeper soils (Sword et al., 1996) . However, root phenology may not always differ by soil depth (Fig. 4) . Despite strong seasonal changes in soil temperature with depth, root phenology in southwestern Greenland was not significantly different across soil depths, even if most roots were produced close to the soil surface (RD and DMA, unpublished data).
Future directions and conclusions
Future studies can more accurately tease apart the controls on phenology if they focus on the explicit timing of events. Use of minirhizotrons or rhizotrons is probably the most accurate way to do this, because destructive methods, such as soil coring, do not follow the same roots through time and will often miss the precise occurrence of new root growth. Because it is unlikely that roots are truly dormant in winter and because roots do not necessarily track aboveground growth, root measurements should begin very early in the season or persist through winter months when feasible. Some previous studies may have missed the onset of root growth if measurements were taken too late in the season or were not taken often enough throughout the year. For example, one study found that root growth preceded leaf growth (McCormack et al., 2015) , but another study with less temporally resolved observations using the same plants found root production to peak after major leaf expansion (McCormack et al., 2014) . Future studies that continue observations throughout the winter or begin root measurements prior to leaf emergence, that do not assume root phenology tracks aboveground phenology, and that quantitatively evaluate phenology will enjoy greater success at teasing apart the controls on root phenology. Given that root and shoot growth may respond differently to climate change, this is essential in determining the future impacts of warming on whole-plant carbon use. Because root and shoot phenology often are not synchronous and may not be influenced by warming in the same way, root phenology research is critical to understanding shifts in whole-plant growth with climate change.
